Understanding ion transport in electrolytes is crucial for fabricating high-performance batteries.
Introduction
Ionic liquids have been studied intensively as electrolytes for electrochemical devices such as Li-ion batteries, electrochemical capacitors, dye-sensitized solar cells, and fuel cells. [1] [2] [3] [4] The use of ionic liquids allows for the safety-conscious design of electrochemical devices, owing to the intrinsic properties of ionic liquids, which include low volatility, low flammability, and a wide liquid-phase temperature range. 5 Although the required characteristics of ionic liquid electrolytes differ depending on the device in which they are to be used, a high ionic conductivity and a wide electrochemical window are generally preferred.
Ion transport in ionic liquids has been the target of extensive investigations because it governs the performance of the resultant electrochemical devices. The molar ionic conductivity (λ), which is obtained by dividing the ionic conductivity (σ) by the molar concentration (c = ρ/FW, where ρ and FW denote the density and the formula weight, respectively), and the viscosity (η) of neat ionic liquids are related by the Walden rule, which is represented by Equation (1) [6] [7] [8] [9] . Thus, ionic liquids with low viscosities are generally preferred as electrolytes.
Although a 1 M KCl aqueous solution, which exhibits a fully dissociated state, is often used as the standard, 10 KCl aqueous solutions of different concentrations do not exhibit the same behavior. 11 For example, the behavior of the infinitely diluted KCl solution deviates from the ideal one, which is considered to result from the change in ionicity.
The ratio of diffusion coefficients of ions in ionic liquids can be determined by the pulsed-gradient spin-echo nuclear magnetic resonance technique. [12] [13] [14] [15] In shuttle-type batteries, the case is different from that of batteries based on neat ionic liquids: the transport of a specific ion (Li + in the case of Li secondary batteries) is the key factor in determining battery performance. The transport of such ions in the electrolyte is governed by the ionic conductivity of the electrolyte and the transport number of the 4 ions (t i ); the transport number is the fraction of current carried by particular ions in the electrolyte, as shown in Equation (2) .
where z i , c i , and u i denote the charge number, concentration, and mobility of the particular ion, respectively.
Na secondary batteries are attracting attention for large-scale energy storage and electric vehicles, owing to the high natural abundance of Na and their low cost. [16] [17] [18] While organic solutions containing the appropriate Na salt, such as Na [ClO 4 ] and Na [PF 6 ], are used widely in Na secondary batteries, 19 there have been several recent studies on the use of ionic liquid electrolytes in these batteries. [20] [21] [22] [23] [24] In our recent studies, we found that purely inorganic [25] [26] and inorganic-organic hybrid [27] [28] With this in mind, we investigated the transport properties of Na + ions in this ionic liquid system and attempted to optimize x(Na [FSA] ) for Na secondary batteries. 
Experimental section
General experimental procedure. All the volatile materials used were handled using a vacuum line constructed of SUS316 stainless steel and tetrafluoroethylene-perfluoroalkylvinylether copolymer. 33 All the nonvolatile materials were handled in a drybox in an atmosphere of dry Ar. The The water contents were measured using the Karl-Fischer titration method (899 Coulometer, Metrohm).
The apparent transport number was measured using a symmetric Na/Na[FSA]-[C 3 C 1 pyrr][FSA]/Na coin-type cell at 353 K; a Biologic VSP-300 electrochemical measurement system was employed for the purpose. Aluminum plates were used as the current collectors, and a glass microfiber filter (Whatman GF/A) was used as the separator which was impregnated with the electrolyte under vacuum prior to the measurement. Table 2 . For the investigated temperature range, the density of the system increased with an increase in x(Na [FSA] ) and decreased with an increase in the temperature, exhibiting a linear relationship, which could be represented by Equation (3) in which A and B are the fitting parameters: The viscosities and ionic conductivities of the investigated system are listed in Tables 4 and 5, respectively. The Arrhenius plots of the viscosity and ionic conductivity are concave and convex curves, respectively, and obey the Vogel-Tamman-Fulcher (VTF) equation [35] [36] (Equations (4) and (5) 
Results and discussion
The parameters B η and B σ , which are related to the activation energies, increased with an increase in x(Na [FSA] ); this is reflected in the gradients of the plots in the high-temperature range. T 0 is the "ideal glass-transition temperature," and is usually lower than the glass-transition temperature observed during the DSC measurements. -288  60  90  153  28  578  1746  --298  41  60  95  163  303  779  --308  30  42  63  100  177  385  1217  -318  22  30  43  64  107  222  538  1360  328  17  22  31  44  70  131  34  658  338  13  17  23  32  49  85  179  360  348  11  14  18  23  35  56 117 216 of the cations and anions. 37 By carefully looking at the Walden plots for this system, one can notice that their gradients are smaller than unity. In such cases, the relationship between the molar conductivity and the viscosity can be described by the fractional Walden rule, which can be expressed by Equation (6):
where α is called the decoupling constant, ranges from zero to unity, and corresponds to the slope of the Walden plot. It has been reported that the parameter α is independent of the temperature and pressure. Although this is not completely evident from the results of the present study, it is likely that α increases with an increase in x(Na [FSA] ), that is, the relation between λ and η can be approximated by the Walden rule (Equation (1)). The parameter α also reflects the ratio of the B parameters of the ionic conductivity (B σ ) and the viscosity (B η ); 39 however, the physical meaning of B σ and B η in the VTF equation depends on the theoretical interpretations of Equations (4) and (5). different environment from that in the initial state, because there is no fixed matrix. As a result, the mobility of Na + ions in the steady state (u'(Na + )) would be different from that in the initial state (u(Na + )).
Taking into account this difference, the transport number obtained in this study is termed the "apparent transport number (t')." The reason "t'" derived using the AC-DC method is used is that the Na + ion conductivity determined from t' (see below) can be used to evaluate Na + ion transport in the Na[FSA]-
The apparent transport number of Na + (t'(Na + )) could be represented by Equation (8) and was determined by substituting the variables in Equation (9) with the measured values:
where u(C Table 6 were calculated by multiplying the ionic conductivity of the ionic liquid (σ(IL)) and t'(Na + ) as per Equation (10) (σ(IL) at 353 K was calculated from the VTF equation (Equation (5) and Table S2 )):
The obtained σ(Na ions. In actual batteries, both a deficiency and an excess of Na + ions can occur near the electrodes during the charge-discharge process at high rates. Optimizing the x(Na [FSA] ) value will aid the fabrication of high-performance Na secondary batteries.
Conclusions
In this study, the thermal and transport properties of the Na[FSA]-[C 3 C 1 pyrr][FSA] binary system were investigated with the view of using it in Na secondary batteries. The phase diagram for the system was constructed based on the results of a DSC analysis; it showed that there exists a wide liquid-phase temperature range for x(Na [FSA] ) values of 0-0.5. The basic physical properties of this system (i.e., the density, viscosity, and ionic conductivity) were measured. Further, it was confirmed that the fractional
Walden rule applies to this system. The apparent transport number of Na + (t'(Na + )) was obtained from the ratio of the initial and steady-state currents using the potential step method. It was found that the t'(Na + ) value increased with an increase in x(Na [FSA] ). The Na + ion conductivity was determined by multiplying the ionic conductivity of the ionic liquid and t'(Na + ), which was high for x(Na[FSA]) = 0.2, 0.3, and 0.4. In terms of Na + transport, optimizing the Na[FSA] concentration is important for ensuring desirable charge-discharge properties at high rates.
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